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The production and role of reactive oxygen species (ROS) in the expanding zone of maize (Zea mays) leaf blades were
investigated. ROS release along the leaf blade was evaluated by embedding intact seedlings in 2�,7�-dichlorofluorescein-
containing agar and examining the distribution of 2�,7�-dichlorofluorescein fluorescence along leaf 4, which was exposed by
removing the outer leaves before embedding the seedling. Fluorescence was high in the expanding region, becoming
practically non-detectable beyond 65 mm from the ligule, indicating high ROS production in the expansion zone. Segments
obtained from the elongation zone of leaf 4 were used to assess the role of ROS in leaf elongation. The distribution of cerium
perhydroxide deposits in electron micrographs indicated hydrogen peroxide (H2O2) presence in the apoplast. 2�,7�-
Dichlorofluorescein fluorescence and apoplastic H2O2 accumulation were inhibited with diphenyleneiodonium (DPI), which
also inhibited O�

2
� generation, suggesting a flavin-containing enzyme activity such as NADPH oxidase was involved in ROS

production. Segments from the elongation zone incubated in water grew 8% in 2 h. KI treatments, which scavenged H2O2
but did not inhibit O�

2
� production, did not modify growth. DPI significantly inhibited segment elongation, and the addition

of H2O2 (50 or 500 �m) to the incubation medium partially reverted the inhibition caused by DPI. These results indicate that
a certain concentration of H2O2 is necessary for leaf elongation, but it could not be distinguished whether H2O2, or other
ROS, are the actual active agents.

In monocots, leaf growth is restricted to the leaf
base where cell division and expansion occur
(Langer, 1979). Cell growth is controlled by water
uptake and the rheological properties of the cell walls
(Ray, 1987), and cell expansion requires first the loos-
ening of cell walls, which thus can yield to the pres-
sure exerted by the symplasm. Expansion ceases as
cells become less extensible by incorporating cross-
linking phenolic compounds and an insoluble Thr-
rich protein (Carpita and McCann, 2000).

Cell wall loosening has been regarded as a process
mainly catalyzed by expansins (McQueen-Mason,
1995), hydrolases such as endoglucanases, and xylo-
glucan endotransglycosilase (Cosgrove, 1999). Re-
cently, in vitro studies have shown that nonenzymatic
processes involving reactive oxygen species (ROS)
cause wall polysaccharide scission (Miller, 1986; Fry,
1998; Schweikert et al., 2000). For this process to occur
in vivo, ROS must be present in the apoplast, and
apoplastic ROS accumulation has been shown many
plant tissues (Schopfer, 1994). Apoplastic ROS gener-
ation is believed to be associated to several mecha-
nisms that include participation of peroxidases (Chen
and Schopfer, 1999), ascorbate (Fry, 1998), and the

activity of plasmalemma NAD(P)H oxidase (Ogawa et
al., 1997), similar to the one found in mammalian
phagocytes (Babior et al., 1997; Lamb and Dixon,
1997). This enzyme catalyzes the reduction of O2 to
O�

2
�, which can then originate various other ROS by

enzymatic and nonenzymatic processes (Asada, 1994).
Hydrogen peroxide (H2O2) appears to be the main
and more stable product of O2 reduction, resulting
from nonenzymic processes operating at physiological
pH in the cell wall, and from the activity of apoplastic
superoxide dismutase (SOD; Ogawa et al., 1997;
Schopfer et al., 2001). Expanding organs such as em-
bryonic axes (Puntarulo et al., 1988), growing roots
(Jon et al., 2001), and germinating seeds (Schopfer et
al., 2001) can extrude ROS, which have been suggested
to be involved in plant defense and in signaling. The
presence of H2O2 was shown to be necessary for to-
bacco (Nicotiana tabacum) protoplast division (de
Marco and Roubelakis-Angelakis, 1996). In ripening
pear (Pyrus communis) fruit cell walls, evidence for
�OH radical attack on wall polysaccharides supported
the hypothesis that ROS participate in wall softening
during maturation (Fry et al., 2001). Auxin-induced
elongation growth could be inhibited by �OH scaven-
gers (Schopfer, 2001). The purpose of this work is to
assess the role of ROS in elongation growth in the
expanding zone of maize (Zea mays) leaf blades.

RESULTS AND DISCUSSION

In Vivo Detection of ROS in a Growing Maize Leaf

The first step in this work was to characterize
growth and ROS extrusion in an actively growing
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maize leaf blade. In blades of leaf 4 that were actively
growing, the distribution of segmental elongation
rates (SER) within the elongation zone (Fig. 1) had a
typical tailed bell shape (Volenec and Nelson, 1981;
Bernstein et al., 1993) and SER were maximal be-
tween 5 and 15 mm from the ligule. The elongation
zone was less than 40 mm long, which is within the
range reported for other maize cultivars (de Souza
and MacAdam, 2001).

A commonly used reagent to detect ROS is 2�,7�-
dichlorofluorescin (DCFH), which is oxidized by
ROS to the highly fluorescent 2�,7�-dichlorofluor-
escein (DCF; Simontacchi et al., 1993; Schopfer et al.,
2001). DCFH exhibits selectivity for H2O2 over other
free radicals (Allan and Fluhr, 1997); nevertheless, the
DCFH assay provides an integral measure for several
ROS (H2O2, �OH, and O�

2
�) because it is likely that in

vivo, other radical species are quickly converted to
the more stable H2O2 (Abeles, 1986). When ROS-
producing tissues are embedded in agar-containing
DCFH (Schopfer et al., 2001), a bright-green fluores-
cence is seen upon illumination with UV light.

The question of whether ROS are produced in the
growing zone of the leaf blade was evaluated by
embedding intact seedlings in DCFH-containing agar
(Fig. 1). Leaf 4 was exposed by removing the outer
leaves before embedding the seedling. DCF fluores-
cence was high in the expanding region, and de-

creased further up the blade, becoming practically
non-detectable beyond 65 mm from the ligule (Fig. 1).
These results indicate that ROS production, and ex-
trusion, were high in the expanding region, and al-
most nil in the expanded one.

To evaluate the participation of ROS in elongation
growth, we decided to use excised segments, ob-
tained from the growing region (0–20 mm from the
ligule, segments from the elongation zone [SEZ]).
Such segments can grow for at least 2 h after excision
(Neves-Piestun and Bernstein, 2001) and can be eas-
ily subject to ROS-modifying treatments by incubat-
ing in appropriate solutions. Isolated coleoptile seg-
ments have thus been treated to assess the effects of
H2O2 on growth and cell wall stiffening (Schopfer,
1996). SEZ reproduced the ROS extrusion pattern
observed in intact leaves: Excised segments from the
expanding zone were bright green, whereas those
from the expanded blade did not fluoresce (Fig. 2).
The brighter fluorescence observed along the cut
edges of both segments are probably ROS generated
by mechanical stress and wounding (Low and Me-
rida, 1996; Orozco-Cárdenas et al., 2001). To rule out
permeability differences between the expanding and
expanded region, ROS were measured in apoplast
fluid. The activity of Glc-6-P dehydrogenase, a cyto-
plasmic enzyme, was not detectable in apoplastic
extracts, indicating they were essentially free from

Figure 1. Spatial distribution of elongation growth and ROS production in a maize leaf 4. A, Setup used for determining ROS
production along intact leaf blades. Leaf 4 was exposed by removing the outer leaves and the whole seedling was embedded
in DCFH-containing agar and examined 30 min later under a microscope with epifluorescence. Actual size. B, Spatial
distribution of SER. Each point is the average SER for the 5-mm segment ending at the distances shown in the graph. The first
point displaced very little from the ligule. Data are means � SE of n � 10 leaves. C, DCF fluorescence along leaf 4 blade,
indicating ROS release. Successive images were taken along the blade. The numbers indicate the distance (mm) from the left
border of the segment to the ligule. Magnification: 32�.
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cytoplasmic contamination (Table I). The percentage
decrease in DCF fluorescence due to ascorbate, a
nonspecific ROS scavenger, was 34.75 and 7.14
(means for n � 6) for apoplastic fluid from the ex-
panding and expanded zones, respectively, indicat-
ing ROS concentration was significantly (Student’s t
test, P � 0.001) higher in the expanding zone.

Modulating ROS Concentration

To determine whether ROS are necessary for leaf
blade expansion, we subjected segments to treat-
ments with KI and diphenyleneiodonium (DPI), and
assessed the effects on ROS presence and growth. KI
is a known H2O2 scavenger (Frahry and Schopfer,
1998a) and DPI is a suicide inhibitor of the phago-
cytic NADPH oxidase and also an inhibitor of
NADH-dependent H2O2 production by peroxidase
(Frahry and Schopfer, 1998b) and has been used to
reduce ROS production in plant systems (Ros Bar-
celó, 1998; Schopfer et al., 2001).

Observations of electron micrographs showed ROS
in the apoplast of the leaf expansion zone (Fig. 3A),
as verified by the distribution of cerium perhydrox-
ide deposits (Bestwick et al., 1998). Treatments with
catalase also showed a decreased number of crystals,
confirming cerium perhydroxides deposition was due
to H2O2 (Fig. 3B). KI-treated segments showed no
cerium perhydroxides deposition (Fig. 3C). KCl was
tested as control to rule out effects of salt concentra-
tion (10 mm) on H2O2 production, and KCl-treated
segments (Fig. 3D) looked like controls (Fig. 3A).

DPI-treated segments did not stain for apoplastic
H2O2 (Fig. 3E), suggesting NAD(P) H contributed to
ROS generation in maize SEZ.

DPI- and KI-treated SEZ had quenched fluores-
cence when compared with non-treated control seg-
ments (Fig. 4), and with segments treated with the
same concentration of KCl, confirming the results
from the electron micrographs.

DPI inhibition of ROS presence in the apoplast
suggested a flavin-containing enzyme activity such
as NAD(P)H oxidase was involved in ROS genera-
tion. Another indication of NAD(P)H oxidase activity
was the presence of O�

2
�. NAD(P)H oxidase can gen-

erate O�
2
�, which is dismutated to H2O2 and O2

either spontaneously or enzymatically by interven-
tion of SOD (Schopfer et al., 2001). O�

2
� production

can be measured by the oxidation of Na,3�-[1-[(phe-
nylamino)-carbonyl]-3,4-tetrazolium](4-methoxy-6-
nitro) benzenesulfonic acid hydrate (XTT). In the
presence of O�

2
�, XTT produces a colored formazan

that can be measured spectrophotometrically.
Formazan production was significantly inhibited in
DPI-treated segments (Fig. 5A), providing further
support to the idea that apoplastic ROS in SEZ are
produced as O�

2
�, presumably by NAD(P)H oxidase

intervention. Sodium azide (NaN3) inhibits apoplas-
tic Cu-Zn SOD and peroxidases (Ogawa et al., 1997),
and, thus, would lead to increased O�

2
� accumula-

tion. Also, as expected, it increased formazan forma-
tion (Fig. 5). Because O�

2
� is known to dismutate

spontaneously to H2O2, SEZ treated with NaN3 flu-
oresced in the presence of DCFH (not shown), as it
was expected. These results, taken together, support
the idea that NAD(P)H oxidase participates in apo-
plastic ROS production in growing maize leaves.
Treatments with KI or KCl had no effect on O�

2
�

production, and formazan formation in those treat-
ments was similar to the controls.

Effects of ROS on Growth

SEZ incubated in water grew 8% in 2 h (Fig. 6). DPI
treatments, which inhibited the production of O�

2
�

and, therefore, any ROS resulting from it, signifi-
cantly inhibited segment elongation (Fig. 6). The ad-
dition of H2O2 (50 and 500 �m) to the incubation
medium partially reverted the elongation inhibition
caused by DPI. Although these results indicate that a
certain concentration of H2O2 is necessary for leaf
elongation, they do not provide information on
whether H2O2, or other ROS, are the actual active

Table I. Determination of the contamination of the apoplastic extracts (means � SE, n � 3)

Protein Source Glc-6-P Dehydrogenase Specific Activity Protein Concentration

mM NAD(P)H mg�1 protein min�1 mg mL�1

Apoplastic extract
Expanding zone �0.003 � 0.000 0.589 � 0.013
Expanded zone �0.004 � 0.002 0.188 � 0.002

Whole-tissue homogenate
Expanding zone 0.017 � 0.001 3.616 � 0.082
Expanded zone 0.035 � 0.003 3.134 � 0.299

Figure 2. ROS release from cut edges of maize leaf blade segments,
30 min after embedding in DCFH-containing agar. A, Expanding
zone. B, Expanded blade. Arrows indicate the cut edge, and dashed
arrows indicate the blade beyond the cut. Magnification: 32�.
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agents. The oxidative scission of plant cell wall poly-
saccharides could also be achieved by other radicals,
generated in the cell wall in the presence of H2O2.
Ascorbate-induced �OH radicals were proposed to
cleave wall polysaccharides in vitro (Fry, 1998;
Schweikert et al., 2000). This mechanism is thought to
operate in vivo as well because �OH can be generated
in the presence of H2O2, O2, ascorbate, and Cu2�

(Halliwell and Gutteridge, 1990), which are all usu-
ally present in the apoplast.

KI treatments scavenged H2O2 (Fig. 3) but did not
modify growth (Fig. 6). These results could be inter-
preted to indicate that H2O2 had no effect on elonga-
tion; however, Schopfer et al. (2001) reported only a
47% decrease in H2O2 release by 10 mm KI acting on
radish (Raphanus sativus) seed coats. Though we
could not observe cerium perhydroxide crystals in
the KI treatment, it is possible that transient presence
of small concentrations of H2O2, would not be de-
tected by CeCl3. Because ROS generation was main-
tained in the KI treatment (Fig. 5), this provides

support to the idea that while (an) other ROS may be
the primary agent required for growth promotion,
the lower exogenous H2O2 concentrations supplied
(50 or 500 �m) may be sufficient for sustaining its
generation in the absence of O�

2
� production (DPI

treatment).
Growth inhibition by DPI could not be reverted by

higher H2O2 concentrations (5 mm). This was not
unexpected, given the proposed role of H2O2 in wall
stiffening (Schopfer, 1996).

It has been suggested that the action of ROS in the
apoplast may involve a delicate balance between
cleavage and cross-linking activities (Cosgrove,
1999). This may be associated to a differential activity

Figure 3. Cellular cytochemical localization of
H2O2 in mesophyll cells in the expansion zone
of maize leaf blades. Electron-dense deposits of
cerium perhydroxide (transparent arrows) are
seen in the apoplast. Segments had been incu-
bated for 2 h in water (A), 100 units mL�1

catalase (B), 10 mM KCl (C), 10 mM KI (D), or
200 �M DPI (E). w, Cell wall; s, intercellular
space; v, vacuole. Black bars represent 0.5 �m.

Figure 4. DCF fluorescence in KI- and KCl-treated SEZ. SEZ were
incubated for 2 h in aerated media and then embedded in the same
medium containing 1% (w/v) agar and 10 �M DCFH. Fluorescence
images were taken after 30 min. A, Water only (control); B, 10 mM

KCl; C, 10 mM KI; D, 200 �M DPI. Magnification: 32�.

Figure 5. Kinetics of formazan production from XTT in SEZ incu-
bated in water (control), 200 �M DPI, 500 �M NaN3, 10 mM KI, or 10
mM KCl. Results are means � SE of two independent repetitions of the
experiment, using 10 segments each time.
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of cell wall peroxidases because different soluble per-
oxidase isozymes characterize the expanding and ex-
panded region in maize leaves (de Souza and Mac-
Adam, 2001) and in Festuca arundinacea (MacAdam et
al., 1992), and were suggested to have different roles
in cell wall growth. ROS action on growth could
conceivably be exerted through a promotion of cell
wall polysaccharide cleavage in vivo (Schopfer,
2001), such as operates in vitro (Miller, 1986; Fry,
1998; Schweikert et al., 2000), and this possibility is
currently being explored. H2O2 could also be acting
as a signal molecule. H2O2 readily crosses mem-
branes, and is known to be an activator of some MAP
kinases cascades and can also regulate the expression
of certain genes (Bowler and Fluhr, 2000). Both ac-
tions could contribute to the observed results.

MATERIALS AND METHODS

Plant Material

Seeds of maize (Zea mays cv Prozea 30, Produsem, Pergamino, Argentina)
were sown on moist vermiculite contained in plastic net frames placed over
a 4.5-L black plastic tray containing water. Trays were kept at 25°C under a
light panel of fluorescent and incandescent lights providing 95 �mol pho-
tons m�2 s�1 illumination, with a 12-h photoperiod. When the second leaf
emerged, the water was changed to one-half-strength Hoagland solution
(Hoagland and Arnon, 1950).

Growth Measurements

SER within the blade expansion zone was calculated from the displace-
ment of pinpricks in a 24-h interval according to Schnyder et al. (1987). A
pricking device was made with a series of fine needles spaced 5 mm apart
and mounted between two pieces of plexiglas. The basal zone of the seed-
ling was pricked through the sheath whorl and, after 24 h, the sheath whorl
was opened and the fourth leaf exposed and examined under a stereoscopic
microscope to determine the distance between marks.

Elongation in isolated segments from leaf 4 was measured according to
Neves-Piestun and Bernstein (2001). Segments comprising the first 20 mm

from the leaf base (ligule), which contained the most actively growing zone
(SEZ), were gently vacuum infiltrated and incubated for 2 h in aerated water
or in various treatment solutions. Digital images of each segment were
obtained before and after the incubation period, by means of a scanner
(AGFA Snapscan Touch, Agfa-Gevaert Group, Morstel, Belgium), and
length measurements were obtained with an image processing software
(Optimas 6.1, Optimas Corporation, Bothell, WA). Growth was expressed as
percentage length increase in that period.

Measurement of ROS Release

In vivo determination of ROS release along the fourth leaf or in leaf
segments was performed by a modification of the agar technique described
by Schopfer et al. (2001). The fourth leaf was exposed by removing the outer
leaves. DCFH-containing agar was prepared by adding an appropriate
volume of a 25 mm DCFH-diacetate (DA) ethanol solution to a 1% (w/v)
agar solution in 20 mm phosphate buffer pH 6, to obtain a 50 �m DCFH-DA
mixture. The mixture was heated to solubilize the agar; then, leaf segments
or entire shoots (attached to the seeds and roots) were embedded when the
temperature was close to 30°C as the agar cooled down. Epifluorescence was
observed after 30 min with a microscope (Axiophot, Zeiss, Jena, Germany)
with excitation filter BP 450–490 and emission filter LP 520. Images were
taken with a video camera (SONY DXC-950P, Sony, Tokyo).

To quantify ROS in the apoplast fluid, segments, obtained from the
expanded and expanding regions of leaf 4 were isolated and washed for 5
to 7 min to wash ROS released as a consequence of the incision. Segments
were then placed, three per tube, in 5 mL of water and subjected to gentle
infiltration for 1 min to release trapped air. Segments were then carefully
introduced into perforated tubes placed in a non-perforated one (Eppendorf
Brinkmann Instruments, Westbury, NY). The tubes were first given a cen-
trifuge pulse at low speed to drain them and were then centrifuged at 2,000g
for 1 min. Approximately 10 �L of fluid was obtained per group of three
segments. The exudate was diluted in 5 mL of water, and each sample was
divided into two. Ascorbate (10 mm), a nonspecific ROS scavenger, was
added to one of the subsamples, allowed to react for 15 min, and then
DCFH-DA was added to both parts to a final concentration of 25 �m,
incubated at 33°C for 30 min, and fluorescence was read in a spectroflu-
orometer (Shimadzu RF-1501, Shimadzu, Kyoto) with excitation/emission
wavelengths set to 485 and 525 nm, respectively. For each sample, specific
absorbance due to ROS was calculated as percentage fluorescence decrease
by ascorbate. Cytoplasmic contamination of the apoplast fluid was verified
(in parallel samples) by determining Glc-6-P dehydrogenase activity essen-
tially as described by Kornberg and Horecker (1955). Protein concentration
was determined according to Bradford (1976).

H2O2 Localization

Cellular H2O2 localization was determined cytochemically from cerium
perhydroxide deposition after reaction of CeCl3 with endogenous H2O2 as
described by Bestwick et al. (1997). Positive staining was detected in elec-
tron micrographs as the formation of electron-dense deposits. Three-
millimeter leaf segments were rinsed in water, infiltrated in various treat-
ment solutions for 1 h (see figure legends), and then transferred to a 5 mm
CeCl3 solution in 5 mm MOPS, pH 7.2, and incubated for 3 h. Segments were
then fixed in glutaraldehyde and processed for electron microscopy.

Determination of O�
2

� Production

The reduction of XTT, which produces a soluble formazan, was used to
measure O�

2
� production (Frahry and Schopfer, 2001). Groups of 10 seg-

ments from the leaf expansion zone were gently infiltrated and incubated in
3 mL of aqueous solution containing 500 �m XTT plus one of the following:
10 mm KI, 10 mm KCl, or 500 �m NaN3. The effect of DPI treatments on O�

2
�

production was determined by first infiltrating and incubating the segments
in a 200 �m DPI solutions for 2 h, and then transferring them to the XTT
solution for formazan detection. Controls were incubated in water plus XTT.
Aliquots were obtained at 10-min intervals for 100 min and read at 470 nm
in a spectrophotometer (Beckman DU Series 600, Beckman Instruments,
Fullerton, CA).

Figure 6. Effect of treatments that modify apoplastic ROS concentra-
tion on the growth of maize leaf segments. SEZ were incubated in
aerated media: water (control), 10 mM KI, 10 mM KCl, 200 �M DPI, or
200 �M DPI with various concentrations of H2O2. Results are percent-
age length increase during a 2-h incubation period, and are means �
SE of 10 segments each. Columns with different letters are significantly
different (P � 0.05).

Reactive Oxygen Species and Maize Leaf Growth

Plant Physiol. Vol. 129, 2002 1631



Statistical Analysis

Data were analyzed by appropriate Student’s t tests or ANOVA, in which
case significant differences between individual treatments were determined
by Tukey’s test or lsd (Complete Statistical Systems, Statsoft, Inc., Tulsa, OK).
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